We present in this study the development and implementation of a database for alternative 16 splicing atlas in livestock animals (ASlive.org). Alternative splicing is an important biological 17 process whose precision must be tightly regulated during growth and development. Using 18 publicly available RNASeq data sets across many tissues, cell types, and biological 19 conditions totaling 28.6 tera bases, we built a database of alternative splicing events in five 20 major livestock animal species (cattle, sheep, pigs, horses, and chickens). The database 21 contains many types of information on alternative splicing events, including basic 22 information such as genomic locations, genes, and event types, quantitative measurements 23 of alternative splicing in the form of percent spliced in (PSI), overlap with known DNA 24 variants, as well as orthologous events across different lineage groups. This database, the 25 first of its kind in livestock animals, will provide a useful exploratory tool to assist functional 26 annotation of animal genomes. 27 28
Introduction 29
Splicing of multi-exonic precursor messenger RNAs (pre-mRNA) is a key biological process 30 that can impact both the sequences and expression of proteins. In particular, multi-exonic 31 pre-mRNAs have the potential to be alternatively spliced. Alternative splicing allows one 32 gene to code for multiple mature mRNA and protein isoforms, greatly expanding the 33 diversity of the proteome (Nilsen and Graveley 2010) . For example, the Drosophila Down 34 syndrome cell adhesion molecule (Dscam) gene is able to generate more than 38,000 35 possible isoforms with variable immunoglobin and transmembrane domains (Schmucker et 36 al. 2000) . This remarkable diversity of a transmembrane receptor gene provides the 37 specificity for neuronal connectivity needed in axon guidance. The precise regulation of 38 alternative splicing is important in development and growth. Thus, the disruption of normal 39 alternative splicing can lead to diseases such as cancers. Indeed, natural DNA variation that 40 results in genetic variation in alternative splicing is a major determinant of phenotypic 41 diversity among individuals in a population, including genetic risks to diseases (Li et al. 42 2016) . In livestock animals, where genetic improvement is a major goal, the specific role of 43 alternative splicing in determining phenotypic variation in economic traits is not well 44 understood. Part of the reason is the lack of a comprehensive annotation of alternative 45 splicing in these agricultural species. For example, while the size of the genome (3.1 Gbp for 46 humans and 2.7 Gbp for cattle) and number of protein coding genes (20,454 for humans and 47 21,880 for cattle) are similar for humans and cattle, there are on average 5.1 annotated 48 splice isoforms per human gene versus 1.6 per cattle gene, a more than three-fold 49 difference (Zerbino et al. 2018) . 50
The advent of high throughput sequencing technologies has greatly facilitated genome 51 annotation efforts. In addition, targeted experimental studies have increasingly utilized next 52 generation sequencing to globally survey the transcriptomes of different cell types, tissues, 53
and animals across many organisms. Such diversity of experimental data provides 54
unprecedented breadth and depth of transcriptomes across many species in public 55 databases, including livestock animals. However, most studies focus on differences in steady 56 state RNA abundance, which represents an equilibrium between transcription and mRNA 57 decay and does not capture difference in post-transcriptional regulation such as splicing. 58
Experimental data in public databases such as the sequence read archive (SRA) are highly 59 heterogeneous. While this presents a challenge to re-use these data, it also provides a great 60 opportunity to discover new information, some of which only happens in specific conditions. 61
As such, heterogeneous and diverse experimental data in public databases complement 62 organized annotation projects that typically only use limited samples and conditions. For 63 example, even for humans, experimental data in the SRA database contained a large 64 number of unannotated splice junctions (Nellore et al. 2016) . 65
There are several alternative splicing specific databases available. For instance, the ASpedia 66 (Alternative Splicing Encyclopedia of Human) database contains a collection of alternative splicing events identified from a single project with 26 tissues and 241 samples (Hyung et al. 68 2018). The CancerSplicingQTL is a database to search and browse splicing quantitative trait 69 loci (sQTLs) affecting alternative splicing in cancer samples (Tian et al. 2019 ). These 70 databases become increasingly useful as an exploratory and hypothesis generating tool. 71
However, no database is specifically designed for livestock animals. 72
In this study, we present the development of the alternative splicing in livestock animals 73
(ASlive) and a web interface for users to interact with the database. There are several unique 74 features of the database. We developed a uniform processing pipeline to process over 75 4,000 samples in the SRA database, covering 188 tissues in five major livestock animal 76 species (cattle, sheep, pigs, horses, and chicken), totaling 28.6 tera bases of sequence data. 77 We discovered hundreds of thousands of unannotated alternative splicing events that were 78 supported by multiple lines of experimental evidence and quantitatively estimated their 79 alternative splicing level. We also identified conservative alternative splicing events across 80 species, allowing users to assess and explore the tissue and species specificity of alternative 81
splicing The reference genome assemblies of five livestock species including cattle (taxonomy id: 87 9913), sheep (9940), pigs (9823), horses (9796) and chicken (9031) were downloaded from 88
Ensembl (release 96). We also obtained reference annotations from both Ensembl and 89
RefSeq. Sequence data from a total of 4,166 RNASeq experiments containing 8,257 runs 90 and 28.6 tera bases in the SRA database were collected by querying the meta data of the 91 SRA database (Table 1) . To simplify our data processing pipeline, we restricted data to the 92
Illumina platform, which constituted the vast majority of RNASeq data. 93 Improvement of gene models 96
The reference annotations from Ensembl and RefSeq were largely incomplete for livestock 97 species. We used the following procedure to improve the annotations using high quality 98
RNASeq data from SRA (Table 2) . 99 Table 2 . Summary of improvement of gene models. 100 101 1) Ensembl and RefSeq annotations were compared using cuffcompare by setting 102
Ensembl as the reference. RefSeq transcripts that were flagged as "j" (novel isoform) 103
and "u" (novel transcribed region) were added to the Ensembl annotation. This 104 merged annotation served as the reference annotation in subsequent steps. 105
2) Experiments with at least 40 million spots (30 million for horses due to low number of 106 experiments passing the filter) and 75 bp read length were mapped to the reference 107 genome using HISAT2 (Kim et al. 2019) in the presence of the reference annotation. 108
Those with at least 40 million mapped fragments were retained and assembled into 109 reference guided gene models in GTF format using StringTie (Pertea et al. 2015) . 110
3) We then improved the reference annotation by iteratively comparing each assembled 111 GTF file to the annotation from the previous iteration. Briefly, one assembled GTF file 112 was compared with the GTF file from the previous iteration using cuffcompare. Novel 113 multi-exonic transcripts ("j" and "u") that were at least 200 bp long, with an average 114 coverage of 2x per transcript, and an average coverage of 1x per exon for all exons 115
were added. This process was iteratively performed through all StringTie assembled 116
GTFs from the previous step. 117
4) The final filtering step consisted of comparing all GTF files from step 2) to the merged 118 GTF file from step 3) and requiring that all novel transcripts must occur in at least 119 three different studies and four different experiments. 120
Identification and quantification of alternative splicing events 121
After aligning RNASeq reads to the improved reference annotation in each species using 122
HISAT2, we used rMATs ( site (A5SS), skipped exon (SE), mutually exclusive exons (MXE), retained intron (RI), and 126 alternative 3' splice site (A3SS). It is important to note that rMATs is highly sensitive and 127
does not rely on the GTF annotation to identify alternative splicing events and may report 128 events that do not conform to existing intron chains in the annotation. We retained these 129 events in our database because they were supported by junction reads. Alternative splicing 130 events from all samples were merged to create a non-redundant catalog. To further refine 131 the catalog, we retained events that were evident by at least three skipping reads and three 132 inclusion reads in at least four different experiments and three different studies (Table 3) . We 133 identified between 48,208 and 151,087 confident alternative splicing events in each of the 134 five species (Table 3) . Quantitative measurements including the percent spliced in (PSI), 135
numbers of skipping and inclusion reads, and the effective junction lengths were collected. 136 A simple and intuitive web interface (ASlive.org) was designed for users to explore the 182 ASlive database (Figure 1a ). There are two primary ways to initiate a query against the 183 database, which are easily accessible within a navigation bar of the ASlive website ( Figure  184 1a). Users may search the database by entering the specific genomic locations, gene 185 symbols, or Pfam and GO annotations (Figure 1b) . Alternatively, the database can be 186 queried by blasting a sequence (Figure 1c ). This is particularly useful when looking for 187 orthologous genes in a different species when they are not easily identified by gene 188
symbols. Both entry points lead to similarly structured list of alternative splicing events that 189 match the query. The results of the search are displayed in a concise table form (Figure 2a) . The details window for each alternative splicing event contains a wealth of information we 216 gathered from either the SRA data or other databases. There are four tabs in this window. 217
First, the annotation tab provides basic information for the event including unique ID, 218 orthologous ID if available, classification of the event and the coordinates of exon 219
boundaries that are involved in the splicing (Figure 2b) . Second, the Psi tab offers the PSI 220 data across all SRA experiments with tissue annotation in a sortable table. A box plot  221 showing the variation across experiments and tissues is also displayed (Figure 3a) . Third, the 222 variation tab provides a list of dbSNP variants that overlap within the exons and introns of 223 the alternative splicing event, including whether they overlap with the acceptor/donor sites. 224
Finally, the conservation tab provides a boxplot visualization of PSIs across species where 225 the event is conserved (Figure 3b ). These data visualizations allow users to quickly assess the 226 biological significance of an alternatives splicing event, such as whether it is conserved or 227 specific across tissues and species. Users may also download data associated with these 228 visualizations to explore further details. literature and web space and has several unique features. For example, it is the first 251 database specifically designed for livestock animals to capture alternative splicing events in 252 heterogeneous samples, which allows users to obtain experimental support of alternative 253 splicing events from a wide range of tissues, cell types, and biological conditions. Unlike 254 many other alternatives splicing databases which relies on a good assembly (typically in GTF 255 format) to identify alternative splicing events, we used rMATs to also identify novel events 256 that is independent of transcript assemblies. Second, we design the interface to meet 257 various needs, including experimental biologists who focus on the details of a small number 258 of genes or computational scientists who are interested in downloading the primary data 259 and processing them offline. Third, we present one of the first databases to include 260 orthologous alternative splicing events, which cannot be easily accessed through existing 261 genome browsers and databases. 262
As RNASeq data in data archives grow, we plan to regularly update the database with new 263
data. Our ID system of alternative splicing events allows us to add new events without 264 altering existing IDs, providing backward compatibility. Nevertheless, the existing data 265 already have a comprehensive coverage of tissues, cell types, and biological conditions and 266 likely will serve most purposes. Because of the important role of genetic variation in animal 267 related research, we plan to incorporate additional data sources that can capture the 268 relationship among genetic variation at the DNA, splicing, and phenotypic levels. This could 269 be, for example, achieved by incorporating genotype-phenotype associations present in the 270 animal QTLdb (https://www.animalgenome.org) (Hu et al. 2019 ). 271
